Degradation of mitochondria via selective autophagy, termed mitophagy, contributes to mitochondrial quality and quantity control whose defects have been implicated in oxidative phosphorylation deficiency, aberrant cell differentiation, and neurodegeneration. How mitophagy is regulated in response to cellular physiology remains obscure. Here, we show that mitophagy in yeast is linked to the phospholipid biosynthesis pathway for conversion of phosphatidylethanolamine to phosphatidylcholine by the two methyltransferases Cho2 and Opi3. Under mitophagy-inducing conditions, cells lacking Opi3 exhibit retardation of Cho2 repression that causes an anomalous increase in glutathione levels, leading to suppression of Atg32, a mitochondria-anchored protein essential for mitophagy. In addition, loss of Opi3 results in accumulation of phosphatidylmonomethylethanolamine (PMME) and, surprisingly, generation of Atg8-PMME, a mitophagy-incompetent lipid conjugate of the autophagy-related ubiquitin-like modifier. Amelioration of Atg32 expression and attenuation of Atg8-PMME conjugation markedly rescue mitophagy in opi3-null cells. We propose that proper regulation of phospholipid methylation is crucial for Atg32-mediated mitophagy.
Introduction
Mitochondria act as dynamic, multitasking platforms that constantly remodel their shape and activity in order to adjust their metabolism and signaling for cell homeostasis, death, and differentiation (Kasahara & Scorrano, 2014; Labbe et al, 2014; Mishra & Chan, 2014) . The energy-converting organelles properly change their quantity in response to diverse intra-and extracellular cues (Nunnari & Suomalainen, 2012) . When cells need high levels of ATP, mitochondrial biogenesis is strongly activated to replicate pre-existing organelles. Conversely, a decrease in cellular energy demands or hypoxia leads to suppression of their proliferation and induction of their turnover. Since mitochondria also generate reactive oxygen species from the respiratory chain, their quality must be maintained by safeguarding against oxidative stress or eliminating damaged organelles (Rugarli & Langer, 2012; Youle & van der Bliek, 2012) .
Numerous studies in the last decade have established that mitochondrial degradation depends on autophagy, a membrane trafficking process in which newly generated cup-shaped structures, called isolation membranes, sequester cytoplasmic constituents as cargoes and expand to form autophagosomes, double membranebound vesicles that ultimately fuse with lysosomes (or vacuoles in yeast) to digest the cargoes by hydrolytic enzymes for recycling (Mizushima, 2011; Weidberg et al, 2011) . Importantly, autophagy can mediate degradation of mitochondria in a highly selective manner, thereby contributing to mitochondrial quality and quantity control (Okamoto, 2014; Rogov et al, 2014; Stolz et al, 2014) . Defects in this catabolic process, termed mitophagy, are associated with mitochondrial dysfunction and a myriad of disorders including aberrant hematopoiesis and neuronal degeneration, underscoring its physiological relevance (Ney, 2011; Hirota et al, 2012; Narendra et al, 2012) .
Selectivity of mitophagy is determined by various landmark molecules on the surface of mitochondria that recruit core autophagyrelated (Atg) proteins essential for autophagosome biogenesis. Despite the diversity of landmark molecules, the basic principles underlying mitophagy are conserved among eukaryotes (Youle & Narendra, 2011; Liu et al, 2014 ). There are two major types of mitophagy, receptor-and ubiquitin-mediated processes (Okamoto, 2014) . In the budding yeast Saccharomyces cerevisiae, mitophagy requires Atg32, a single-pass membrane protein anchored to mitochondria (Kanki et al, 2009; Okamoto et al, 2009) . Loss of Atg32 results in mitochondrial genome instability during prolonged starvation and chronological lifespan shortening under calorie restriction, highlighting the biological significance of mitophagy (Kurihara et al, 2012; Richard et al, 2013) . Atg32 serves as a receptor that interacts with Atg8, a phosphatidylethanolamine (PE)-conjugated ubiquitin-like modifier necessary for formation of autophagosomes, and Atg11, a selective autophagy-specific scaffold required for assembly of core Atg proteins (Kanki & Klionsky, 2008; Kanki et al, 2009; Okamoto et al, 2009 ). The cytosolically exposed N-terminal domain of Atg32 is both necessary and sufficient for these protein-protein interactions and mitophagy (Aoki et al, 2011; Kondo-Okamoto et al, 2012) . Phosphorylation of Atg32 stabilizes Atg32-Atg11 interaction, which is a crucial step for promoting degradation of mitochondria (Aoki et al, 2011; Kondo-Okamoto et al, 2012; Kanki et al, 2013) . In addition to this post-translational modification, induction of the ATG32 gene expression is a key determinant for mitophagy efficiency (Okamoto et al, 2009; Aihara et al, 2014) . Indeed, the Atg32 protein levels increase to facilitate mitophagy under non-fermentable and nitrogendepleted conditions (Okamoto et al, 2009; Aoki et al, 2011; Eiyama et al, 2013) . Although oxidative stress seems to trigger upregulation of Atg32 in respiring cells (Okamoto et al, 2009) , how this signaling event is established remains largely unknown.
Emerging evidence reveals that the receptor-mediated mitophagy involves an evolutionarily conserved mode of protein-protein interactions between receptor molecules and Atg8 family members including LC3, GABARAP, and GATE-16 (Noda et al, 2010; Birgisdottir et al, 2013) . In mammals, NIX, BNIP3, and FUNDC1 are mitochondriaanchored receptors that interact with these Atg8 homologs and promote mitophagy in a manner similar to Atg32-mediated process (Liu et al, 2014) . Notably, Atg32-Atg8 interaction contributes to mitophagy, implying the relevance of its evolutionary conservation (Kondo-Okamoto et al, 2012) . How recruitment of Atg8 to the mitochondrial surface assists formation of autophagosomes surrounding mitochondria has not been defined. In addition, whether lipidation of Atg8, a prerequisite step for acting on the autophagosomal membrane, is regulated upon mitophagy remains to be investigated.
Here, we have uncovered a previously unappreciated link between phospholipid biosynthesis and mitophagy. Loss of Opi3, an endoplasmic reticulum (ER)-localized phospholipid methyltransferase acting in biosynthesis of phosphatidylcholine (PC) from PE (Henry et al, 2012) , impairs Atg32 expression and Atg8 lipidation, synergistically leading to strong mitophagy deficiencies. These defects result from aberrantly elevated synthesis of the major antioxidant glutathione (GSH), and atypical conjugation of Atg8 to phosphatidylmonomethylethanolamine (PMME). Thus, our findings demonstrate that mitophagy induction is regulated in concert with phospholipid methylation and implicate that PE-to-PC biosynthesis disorders may raise the risk of disrupting autophagosome biogenesis.
Results

Opi3 is required for efficient mitophagy
To elucidate how Opi3 functions in autophagy-dependent degradation of mitochondria, we examined opi3-null mutants by microscopy and Western blotting. Cells expressing mitochondrial matrix-targeted GFP (mito-GFP) and vacuole-anchored mCherry (Vph1-mCherry) were grown to stationary phase in medium containing non-fermentable carbon source and observed using fluorescence microscopy. Since GFP is quite resistant against vacuolar proteases, its fluorescence can be retained in the vacuole. As described previously (Okamoto et al, 2009) , wild-type cells displayed vacuole-localized green signals, indicating transport of mitochondria to the vacuole in a manner dependent on the mitophagy receptor Atg32 (Fig 1A) . By contrast, mito-GFP was barely overlapped with Vph1-mCherry in cells lacking Opi3 ( Fig 1A) . Next, processing of mitochondrial matrix-localized dihydrofolate reductase-mCherry (mito-DHFR-mCherry) was monitored for cells grown under the same conditions. Upon mitophagy, mitochondria are degraded, and mito-DHFR-mCherry is processed to become a free mCherry in the vacuole (Kondo-Okamoto et al, 2012) . Consistent with our microscopic observations, loss of Opi3 resulted in a strong reduction in mitochondrial degradation (31% compared with wildtype cells) (Fig 1B and C) , which could be effectively rescued by reintroduction of the OPI3 gene into the null mutant (Fig EV1A  and B) . We also found the higher protein levels of Por1 and Mge1, authentic mitochondrial outer membrane and matrix proteins, respectively, in cells lacking Opi3 compared to those in wild-type cells under prolonged respiratory growth, further confirming the mitophagy defects (Fig 1D and E) .
It remains conceivable that sequestration of mitochondria occurs normally, whereas fusion of mitophagosomes to vacuoles is impaired in the opi3-null mutant. To test this possibility, we used a strain lacking Ypt7, a Rab family GTPase required for homotypic vacuole fusion. Deletion of the YPT7 gene blocks membrane vesicle fusion with the vacuole, resulting in accumulation of autophagosome-related structures in the cytosol. Under mitophagy-inducing conditions, cells lacking Ypt7 accumulate mitochondria-containing autophagic vesicles termed mitophagosomes. As described previously (Okamoto et al, 2009) , when these cells were shifted to medium containing fermentable carbon source, mitochondrial fragments were fused to become tubules that could be morphologically distinguished from mitophagosomes ( Fig 1F) . Under the same conditions, mitochondrial vesicles were hardly seen in cells lacking Opi3 or Atg7 (Fig 1F) . These observations suggest that mitophagosome formation is impaired in the absence of Opi3.
Next, we investigated the cytoplasm-to-vacuole targeting (Cvt) pathway, peroxisome-specific autophagy (pexophagy), and nonselective autophagy in the opi3-null mutant. The Cvt pathway is a constitutively active, autophagy-related process selective for several vacuolar proteins such as Ape1, a vacuolar aminopeptidase. Ape1 is synthesized as a precursor in the cytosol and processed into a mature form in the vacuole. When vegetatively grown in medium containing fermentable carbon source, the opi3-null mutant exhibited wild-type-like Ape1 processing (Fig EV1C) . For pexophagy, peroxisomal matrix-localized Pot1-mCherry was monitored in cells shifted from oleic acid medium to nitrogen starvation medium. Upon pexophagy, peroxisomes are degraded, and Pot1-mCherry is processed to become a free mCherry in the vacuole. We found a partial defect in peroxisomal degradation, which was much weaker than that in mitophagy, in cells lacking Opi3 (Fig EV1D and E) . Finally, autophagic activity during nitrogen starvation was assessed with a well-established alkaline phosphatase assay. Even in the absence of Opi3, cytoplasmic constituents were non-selectively transported to the vacuole with near wild-type efficiency (Fig EV1F) . We also monitored vacuolar protease-dependent processing of GFP-Atg8 and found wild-type-like autophagy flux in the opi3-null mutant under starved conditions (Fig EV1G and H) .
Collectively, these results support the idea that loss of Opi3 leads to dominant defects in degradation of mitochondria.
Given the fact that Opi3 plays a critical role in PE-to-PC conversion (Henry et al, 2012) , we initially hypothesized that altered phospholipid composition such as a decrease in PC content is the (Henry et al, 2012) . Unexpectedly, mitochondria were substantially degraded in the cho2-and opi3 cho2-null mutants (95 and 74%, respectively, compared to wild-type cells) (Fig 1H and I) . Thus, it seems unlikely that mitophagy depends on PC homeostasis.
PMME and GSH are elevated in cells lacking Opi3 under mitophagy-inducing conditions
To elucidate how single loss of Opi3 leads to severe defects in mitochondrial degradation, we first examined the expression profiles of Cho2 and Opi3. To our surprise, when shifted to medium containing non-fermentable carbon source, wild-type cells exhibited a marked reduction in the Cho2 protein levels (Fig 2A) . Notably, this downregulation was delayed in opi3-null cells (Fig 2A) . These results suggest that, in the absence of Opi3, Cho2 functions negatively affect mitophagy. As Cho2 generates phosphatidylmonomethylethanolamine (PMME), one of the substrates for Opi3, it seems plausible that this mono-methylated phospholipid accumulates in the cell if Opi3 functions are compromised (Fig 2B) . We also noticed previous studies suggesting an increased level of PMME in an opi3 mutant (Greenberg et al, 1982 (Greenberg et al, , 1983 . To confirm a high PMME content in our opi3-null strain, we analyzed total cellular phospholipid composition by one-dimensional thin-layer chromatography (1-D TLC), a method that allows separation of phospholipids with high resolution and reproducibility (Vaden et al, 2005) . Cells under fermentable, non-fermentable (mitophagy-inducing), and nitrogen starvation conditions were labeled with 32 P i and subjected to phospholipid extraction. Our assays revealed strongly increased levels of PMME in opi3-null cells under all the aforementioned conditions, which was not the case in wild-type, cho2-null, and opi3 cho2-null cells (Fig 2D and E) . As expected, the PC contents were significantly reduced in opi3-, cho2-, and opi3 cho2-null cells (Fig 2D and E) , but still partially maintained via the Kennedy pathway, an alternative process for PC biosynthesis using choline and phosphoethanolamine (Henry et al, 2012) . Cho2 and Opi3 catalyze transfer of a methyl group from S-adenosyl methionine (SAM) to PE, PMME, and PDME (Tehlivets, 2011; Henry et al, 2012) (Fig 2B) . Concomitantly, each reaction converts SAM to S-adenosyl homocysteine (SAH), a precursor for homocysteine (Hcy) biosynthesis (Tehlivets et al, 2013) (Fig 2B and C) . Hcy can then be utilized to generate methionine (Met) and SAM in the methylation cycle or subjected to produce cysteine (Cys) and GSH, a principal antioxidant, in the transsulfuration-GSH pathway (Tehlivets et al, 2013) (Fig 2C) . Hence, we hypothesized that loss of Opi3 results in dysregulation of Cho2-mediated SAH production, ultimately facilitating GSH biosynthesis (Fig 2B and C) . The cellular GSH content was indeed elevated in opi3-null cells under mitophagy-inducing conditions (1.5-to 3-fold increase compared with wild-type, cho2-null, and opi3 cho2-null cells) (Fig 2F) . In addition, we investigated the protein levels of chromosomally Myc-tagged Ctt1, a cytosolic catalase (Morano et al, 2012) , and found that this oxidative stress marker is partially but significantly suppressed in opi3-null cells (1.5-to 2-fold decrease compared with wild-type, cho2-null, and opi3 cho2-null cells) (Fig 2G and H) .
Taken together, these data raise the possibility that PMME and/ or GSH accumulated in cells lacking Opi3 may be deleterious for mitophagy.
Loss of Opi3 leads to suppression of Atg32 induction
Previous studies have shown that GSH can affect the Atg32 protein levels and abrogate mitochondrial degradation (Deffieu et al, 2009; Okamoto et al, 2009 ). Thus, we monitored the expression profiles of chromosomally HA-tagged Atg32 in vacuolar protease-deficient cells under respiratory conditions. In this variant, vacuole-dependent degradation of Atg32 is mostly blocked, thereby allowing us to examine the protein levels irrespective of mitophagy activity. As described previously (Okamoto et al, 2009 ), Atg32-HA was transiently upregulated in wild-type cells (Fig 3A) . By contrast, opi3-null cells displayed a remarkable reduction in the Atg32 protein levels, which was hardly seen in cho2-and opi3 cho2-null cells (Fig 3A) . A Representative images of mitochondria-targeted GFP (mito-GFP) and vacuole-targeted mCherry (Vph1-mCherry) patterns. Wild-type, atg32D, and opi3D cells were grown in glycerol medium (Gly) for 72 h and observed under a fluorescence microscope. Scale bar, 2 lm. B Wild-type, atg32D, and opi3D cells expressing mito-DHFR-mCherry (depicted by arrowhead) were cultured as in (A). Cells were harvested at the indicated time points and subjected to Western blotting. Generation of free mCherry (depicted by arrow) indicated transport of mitochondria to the vacuole. Pgk1 was monitored as a loading control. C The amounts of free mCherry detected in (B) were quantified at the indicated time points. The signal intensity value of free mCherry in wild-type cells at 72 h was set to 100%. Data represent the averages of three experiments, with error bars indicating standard deviations. D Authentic mitochondrial proteins in wild-type and opi3D cells cultured as in (B) were analyzed by Western blotting. Por1 is an outer membrane protein. Mge1 and Ssc1 are matrix proteins. Pgk1 was monitored as a loading control. E The Por1 protein levels analyzed in (D) were quantified at the indicated time points. The signal intensity values in wild-type and opi3D cells at 24 h were set to 100%. Data represent the averages of three experiments, with error bars indicating standard deviations. F Representative images of mitochondria-targeted mCherry (mito-mCherry) patterns. ypt7D, ypt7D atg7D, and ypt7D opi3D cells grown in glycerol medium (Gly) for 72 h were shifted to fresh dextrose (Dex) medium for 3 h and observed as in (A). Mitophagosomes are depicted by arrows. Scale bar, 2 lm. G A schematic diagram of the phospholipid methylation pathway in the yeast S. cerevisiae. Cho2 and Opi3 are methyltransferases to synthesize phosphatidylcholine (PC) from phosphatidylethanolamine (PE). PMME, phosphatidylmonomethylethanolamine; PDME, phosphatidyldimethylethanolamine. H Wild-type, opi3D, cho2D, and opi3D cho2D cells expressing mito-DHFR-mCherry were cultured and analyzed as in (A) and (B), respectively. Pgk1 was monitored as a loading control. I The amounts of free mCherry detected in (H) were quantified as in (C). The signal intensity value of free mCherry in wild-type cells at 72 h was set to 100%. Data represent the averages of three experiments, with error bars indicating standard deviations.
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Notably, Atg32-HA induction was partially restored in opi3-null cells treated with buthionine sulfoximine (BSO), an inhibitor of the glutamate cysteine ligase Gsh1 in the transsulfuration-GSH pathway (1.5-fold increase compared with untreated opi3-null cells) (Figs 2C and 3B and C) (Biterova & Barycki, 2010; Tehlivets et al, 2013) . A reduction in the Atg32 content and its partial recovery by BSO treatment were also detected at the transcriptional level in cells lacking Opi3 ( Fig 3D) . Collectively, these results are consistent with the notion that Cho2 continues, at least for a certain period, to increase the GSH levels through the transsulfuration pathway, thereby suppressing Atg32 induction in opi3-null cells under mitophagyinducing conditions. To test whether defects in Atg32 induction primarily inhibit degradation of mitochondria, we attempted to increase the Atg32 protein levels with two low-copy plasmids encoding Atg32-HA. Overexpressed Atg32 could target to mitochondria and interact with Atg8 and Atg11 in the absence of Opi3 (Fig EV2A and B) . However, we found that mitochondrial degradation in opi3-null cells overexpressing Atg32-HA was only slightly elevated compared to cells with empty vectors (Fig EV2C and D) . Thus, it seems likely that loss of Opi3 leads to severe mitophagy defects through other mechanisms.
Lipidated Atg8 anomalously increases in opi3-null cells
Given the fact that PMME is a mono-methylated derivative of PE, we postulated that PMME accumulation might affect the function of Atg8, a PE-conjugated ubiquitin-like modifier crucial for both autophagosome formation and cargo recognition in autophagyrelated processes including mitophagy. Accordingly, we analyzed the expression profiles of Atg8 using urea-SDS-PAGE to separate the free and lipidated forms . When grown under mitophagy-inducing conditions, wild-type cells contained both free and PE-conjugated Atg8 (Fig 4B) . In urea-containing gel, the free form migrates slower than the lipidated form that is absent in cells lacking Atg7, an E1 enzyme essential for activating Atg8-PE generation ( Fig 4A and B) (Nakatogawa, 2013) . Under the same conditions, a drastically increased Atg8 band was detected in the opi3-null mutant ( Fig 4B) . This form of Atg8 was likely to be a lipidated molecule, since it migrated in parallel to the PE-conjugated form in wildtype cells, but almost completely disappeared in the atg7 opi3-null mutant ( Fig 4B) . Similar results were obtained from cells lacking Atg3, an E2 enzyme required for conjugation of Atg8 to PE (Fig 4A and C) (Nakatogawa, 2013) . Although accumulation of lipidated Atg8 could result from alterations in Atg4, a cysteine protease responsible for cleavage of the Atg8 C-terminal arginine and conjugated phospholipid (Fig 4A) (Nakatogawa, 2013) , Atg4 was normally expressed in opi3-null cells (Fig EV3A) . We also confirmed that wildtype-like Atg8 profiles were recovered by reintroduction of the OPI3 gene into the null mutant (Fig EV1A) .
Importantly, the cho2-and opi3 cho2-null mutants did not display a drastic increase in Atg8 lipidation (Fig 4D) . Based on the previous reports demonstrating that PMME does not accumulate in cells containing mutations on the CHO2 locus or both OPI3 and CHO2 loci (Kodaki & Yamashita, 1987; Summers et al, 1988) , it seems conceivable that Atg8 may be conjugated to PMME and aberrantly accumulated in the opi3-null mutant. Indeed, PMME contains a secondary amine head group that can theoretically be available for Atg8 coupling.
Interestingly, we found irregular localization patterns of Atg8 in cells lacking Opi3. During fermentable growth (Dex, mitophagynon-inducing conditions), GFP-Atg8 expressed in wild-type and opi3-null cells was dispersed in the cytosol and localized as a discrete dot adjacent to the vacuolar Vph1-mCherry (Fig 4E) . This dot is likely to be the pre-autophagosomal structure (PAS), a protein assembly site for autophagosome formation (Suzuki et al, 2001) . When grown in mitophagy-inducing medium (Gly), wild-type cells displayed colocalization of GFP-Atg8 with Vph1-mCherry, indicating active autophagy flux (Fig 4E) . Under the same conditions, GFP-Atg8 seemed to form aggregates juxtaposed but not overlapping with Vph1-mCherry in cells lacking Opi3 (Fig 4E) . The PAS involved in mitophagy appears unaffected, as Atg32-GFP colocalized with the PAS markers Atg11-mCherry and Atg17-mCherry even in the absence of Opi3 (Fig EV3B) . In addition, we monitored vacuolar protease-dependent processing of GFP-Atg8 and confirmed strongly impaired autophagy flux in the opi3-null mutant under mitophagy-inducing conditions (31% compared with wild-type cells) (Fig EV3C and D) . Moreover, our subcellular fractionation assays revealed that Atg8 coexisted with the cytosol/vacuole and late endosome in wild-type and opi3-null cells, respectively (Fig 4F) , suggesting that Atg8-phospholipid conjugates (likely Atg8-PMME) aberrantly associate with the late endosome-like structure. Figure 2 . PMME and GSH increase in opi3-null cells under mitophagy-inducing conditions.
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A Wild-type, opi3D, cho2D, and opi3D cho2D cells expressing mito-DHFR-mCherry were cultured and analyzed as in Fig 1B. Cho2-specific and Cho2-non-specific bands are depicted by arrow and asterisk, respectively. Pgk1 was monitored as a loading control. B A schematic diagram of PC biosynthesis from PE in budding yeast. PE, phosphatidylethanolamine; PMME, phosphatidylmonomethylethanolamine; PDME, phosphatidyldimethylethanolamine; PC, phosphatidylcholine; SAM, S-adenosyl methionine; SAH, S-adenosyl homocysteine (see text for details). C A schematic diagram of the transmethylation cycle and transsulfuration-GSH pathway. Hcy, homocysteine; BSO, buthionine sulfoximine (see text for details). D One-dimensional thin-layer chromatography (1-D TLC) for wild-type, opi3D, cho2D, and opi3D cho2D cells. Cells were grown in synthetic media containing dextrose (Dex) or glycerol (Gly), or subjected to nitrogen starvation (ÀN) in the presence of 32 P i , and collected at the indicated time points. Total cellular phospholipids were then extracted in the organic phase and separated by 1-D TLC. CL, cardiolipin; PA, phosphatidic acid; PC, phosphatidylcholine; PDME, phosphatidyldimethylethanolamine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PMME, phosphatidylmonomethylethanolamine; PS, phosphatidylserine. E The radioactive spots of PMME and PC in (D) were quantified using densitometry. The signal intensity value of total phospholipids in each sample was set to 100%. F Wild-type, opi3D, cho2D, and opi3D cho2D cells were grown in synthetic glycerol medium for 24 h, collected, and subjected to quantification of total cellular reduced glutathione (GSH). Data represent the averages of three experiments, with error bars indicating standard deviations. G Wild-type, opi3D, cho2D, and opi3D cho2D cells expressing a chromosomally Myc-tagged Ctt1, a cytosolic catalase, were cultured and analyzed as in (A). Pgk1 was monitored as a loading control. H The Ctt1-Myc protein levels analyzed in (F) were quantified at the indicated time points. The signal intensity values in wild-type cells at 24 h were set to 1.0. Data represent the averages of three experiments, with error bars indicating standard deviations.
Finally, we investigated if accumulation of lipidated Atg8 affects Cho2 repression and Atg32 induction in cells lacking Opi3. Downregulation of Cho2 was delayed in atg8 opi3-null cells, indicating that retardation of Cho2 repression was not due to Atg8 (Fig EV3E) . We also found that the Atg32 protein levels were significantly reduced in atg8 opi3-null cells, indicating that Atg32 repression does not depend on Atg8 (Fig EV3F) .
Collectively, these data raise the possibility that cells lacking Opi3 produce abnormally lipidated, mitophagy-incompetent Atg8.
Atg8-PMME can be generated but inefficiently deconjugated Our findings that mitophagy-deficient opi3-null cells contain high levels of PMME and lipidated Atg8 led us to test whether Atg8 can be coupled to PMME through the autophagic conjugation systems. Lipidation of Atg8 has been reconstituted in vitro with recombinant proteins Atg8 G116 (activated variant lacking the C-terminal arginine), Atg7, Atg3, and Atg12-Atg5 (an E3-like protein conjugate essential for autophagy) in the presence of ATP and liposomes containing PE A Wild-type, opi3D, cho2D, and opi3D cho2D cells expressing a chromosomally integrated Atg32-HA were generated from a vacuolar protease-deficient strain (pep4D prb1D), cultured, and analyzed as in Fig 1B. Pgk1 was monitored as a loading control. B Wild-type and opi3D cells expressing a chromosomally integrated Atg32-HA were generated from a vacuolar protease-deficient strain (pep4D prb1D), cultured in the presence or absence of BSO, an inhibitor of GSH synthesis from cysteine, and analyzed as in (A). Pgk1 was monitored as a loading control. C The Atg32-HA protein levels analyzed in (B) were quantified. The signal intensity values in wild-type cells at the 21-h time point were set to 100%. Data represent the averages of three experiments, with error bars indicating standard deviations. D Wild-type and opi3D cells pre-grown in dextrose medium (Dex) were incubated in glycerol medium (Gly) for 24 h in the presence or absence of BSO, harvested, and subjected to total RNA isolation. The ATG32 mRNA levels were quantified by real-time PCR with ACT1 mRNA as a normalization control. The signal intensity value of ATG32 mRNA in Dex-growing wild-type cells was set to 1.0. Data represent the averages of three experiments, with error bars indicating standard deviations. The EMBO Journal Regulation of mitophagy via PE-to-PC biosynthesis Kaori Sakakibara et al (Ichimura et al, 2004; Hanada et al, 2007) (Fig 5A) . In addition, purified Atg4, a cysteine protease responsible for cleavage of the Atg8 C-terminal arginine, can deconjugate Atg8
G116
-PE Nakatogawa et al, 2007) (Fig 5A) . We performed in vitro reconstitution assays and detected formation of Atg8 G116 -PMME as efficient as that of Atg8
-PE (Fig 5B, lanes 2 and 8) . However, to our surprise, Atg4 could almost completely deconjugate Atg8 G116 -PE within 1 min, while Atg8 G116 -PMME was not fully deconjugated even after 10-min incubation with Atg4 ( Fig 5B, lanes  3 and 11) . We conclude that conjugation of Atg8 G116 to PMME is efficient, but the reverse reaction is not in vitro.
To ask whether Atg8-PMME can be formed in vivo, His-FLAGtagged Atg8 was expressed in opi3-null cells under mitophagyinducing conditions and purified using tandem affinity purification (Fig 5C) . According to the previously reported procedures , we obtained the hydrophilic head of phospholipid covalently linked to His-FLAG-Atg8 by mild alkaline treatment, a process that removes fatty acid from glycerophospholipids, and subsequent digestion with lysyl endopeptidase. For mass spectrometry, in vitrogenerated Atg8-PE and Atg8-PMME were also examined as controls. We detected two peptide fragments containing the C-terminal glycine residue that correspond to -GPMME, respectively, in Fig 5D) . Consistent with these data, tandem mass spectra indicated peptide fragments from Atg8-PMME and His-FLAG-Atg8 in the opi3-null mutant that were heavier by M r 14 than the corresponding fragments from Atg8-PE (y1-9 ions in Fig EV4A) . The value M r 14 is identical to the mass deference between GPMME and glycerophosphoethanolamine (GPE). In conclusion, we establish PMME as an atypical target for Atg8 lipidation in living cells.
Based on the results that in vitro-generated Atg8-PMME is not efficiently deconjugated by Atg4, we sought to test if that is also the case for lipidated Atg8 from cells lacking Opi3. Membrane fractions were isolated from atg4-or atg4 opi3-null cells expressing His-FLAG-Atg8 G116 and treated with recombinant Atg4. As described previously , the protein levels of lipidated His-FLAG-Atg8 G116 from atg4-null cells were reduced by 44% compared with untreated samples, whereas 70% of the lipidated protein from atg4 opi3-null cells remained unprocessed (Fig 5E) . We performed affinity purification and mass spectrometry, and verified the presence of Atg8
-PE and Atg8 G116 -PMME in atg4-and atg4 opi3-null mutants, respectively (Fig EV4B and C) .
To further prove that Atg4 does not efficiently catalyze delipidation of PMME-conjugated Atg8 in living cells, we put the ATG4 gene under the control of the GAL promoter in wild-type and opi3-null cells expressing His-FLAG-Atg8 G116 . In these cells, lipidated Atg8
can initially be accumulated in the presence of dextrose where ATG4 expression is mostly suppressed (at the Gly-0 h time point). Cells are then shifted to a glycerol medium supplemented with galactose that strongly induces ATG4 expression (at the Gly-24 h time point). We found that wild-type and opi3-null cells contained a similar amount of Atg4 at the Gly-48 h time point. Although the protein levels of lipidated His-FLAG-Atg8 G116 were reduced by 28% compared with those at the Gly-24 h time point in wild-type cells, the lipidated protein was even increased to 127% in opi3-null cells (Fig 5F) . Taken together, these results support the idea that Atg8-PMME is a poor substrate for Atg4 in vivo.
Recycling of Atg8 is critical for mitophagy
During the course of this study, we noticed that aberrant accumulation of lipidated Atg8 in opi3-null cells under mitophagy-inducing conditions seemingly resembled delipidation defects in atg4-null cells expressing Atg8 G116 . In the latter case, starvation-induced autophagy is substantially attenuated, suggesting that Atg8 recycling contributes to efficient autophagosome formation (Nair et al, 2012; Yu et al, 2012) . Hence, we examined mitophagy in atg4-null and atg4 opi3-null cells expressing Atg8 G116 . Strikingly, both mutants exhibited much more severe defects (4 and 3%, respectively, compared with wild-type cells) than opi3-null cells (24% compared with wild-type cells) (Fig 6A and B) . Moreover, vacuolar protease-dependent processing of GFP-Atg8 G116 was significantly reduced in atg4-null and atg4 opi3-null cells under mitophagy-inducing conditions (43 and 13%, respectively, compared with wild-type cells), indicating defective autophagy flux (Fig EV3C and D) . Together, our data suggest that mitophagy impairment in cells lacking Opi3 is primarily caused by Atg8-recycling defects.
Atg32-overexpressing opi3-null cells treated with choline partially recover mitophagy
To verify whether two distinct defects in Atg32 induction and Atg8 recycling synergistically inhibit degradation of mitochondria, we attempted to increase the Atg32 protein levels with two low-copy plasmids encoding Atg32-HA and decrease the Cho2 protein levels with choline in the opi3-null mutant. It has been previously reported that choline supplementation can partially attenuate Cho2 activity ◀ Figure 4 . Loss of Opi3 causes drastic lipidation of Atg8.
A A schematic diagram of post-translational modification for Atg8. The C-terminal arginine of Atg8 is first removed by the cysteine protease Atg4. The resulting Atg8 variant, which exposes its glycine at the C-terminus, is an active form for subsequent conjugation steps involving the E1 enzyme Atg7 and the E2 enzyme Atg3. These reactions lead to formation of a covalent bond between the C-terminal glycine of Atg8 and the amino group of phosphatidylethanolamine (PE). Atg4 also mediates cleavage of the Atg8-PE bond and allows Atg8 to be recyclable for the next round of conjugation. B-D Cells grown in glycerol medium (Gly) were harvested at the indicated time points and analyzed by Western blotting. Strains examined were (B) wild-type, atg7D, opi3D, and atg7D opi3D; (C) wild-type, atg3D, opi3D, and atg3D opi3D; and (D) wild-type, opi3D, cho2D, and opi3D cho2D cells. Pgk1 was monitored as a loading control. E Wild-type and opi3D cells expressing chromosomally encoded Vph1-mCherry (a vacuolar marker) and GFP-Atg8 were pre-grown in dextrose medium (Dex), incubated in glycerol medium (Gly) for 48 h, and observed using fluorescence microscopy. Scale bar, 2 lm. F Wild-type and opi3D cells grown in glycerol medium (Gly) for 48 h were subjected to density gradient analysis. The sample were divided into 16 fractions from the top of the gradients and analyzed by immunoblotting with antibodies against Atg8, Pgk1, Pho8, Pep12, Dpm1, Por1, and Sed5.
Kaori Sakakibara et al Regulation of mitophagy via PE-to-PC biosynthesis The EMBO Journal (Gaynor et al, 1991) . Strikingly, choline treatment resulted in significant restoration of mitophagy in opi3-null cells overexpressing Atg32 (50% compared with wild-type cells) (Fig 7A and B) . We also confirmed partially abrogated Atg8 lipidation (probably PMME conjugation) in opi3-null cells supplemented with choline (Fig EV5A  and B) . Moreover, under the same conditions, formation of GFPAtg8 aggregates was markedly reduced (Figs 4E and EV5C ). These data support the idea that mitophagy deficiencies in cells lacking
Opi3 are attributed principally to strong Atg32 suppression and aberrant Atg8 lipidation. Finally, we investigated the impact of Cho2 overexpression on mitophagy in wild-type cells. Although the protein levels of Cho2 under the strong, constitutive GPD promoter were still significantly reduced during respiratory growth, mitophagy was partially suppressed, likely due to moderate accumulation of PMMEconjugated Atg8 (Fig EV5D) . Thus, it seems possible that The EMBO Journal Regulation of mitophagy via PE-to-PC biosynthesis Kaori Sakakibara et al Cho2-mediated PE methylation can act as a physiological process to affect degradation of mitochondria.
Discussion
In this study, we demonstrate that the phospholipid methylation pathway is intimately linked to mitophagy in the budding yeast S. cerevisiae. This biosynthetic process involves Cho2 and Opi3, two methyltransferases that sequentially catalyze conversion of PE to PMME and PMME to PC, respectively, producing a major component of cellular membranes (Henry et al, 2012) . Despite the fact that loss of either Cho2 or Opi3 causes defects in PC biosynthesis, mitophagy is severely impaired in the absence of Opi3, but neither Cho2 nor both enzymes. We revealed that Cho2 expression is anomalously prolonged in opi3-null cells, promoting generation of PMME, a mono-methylated PE derivative, and most likely facilitating a methyl group donation from SAM to PE and concomitant conversion of SAM to SAH. Notably, SAH can be utilized to generate the antioxidant GSH via the transsulfuration-GSH pathway (Tehlivets et al, 2013) . The opi3-null mutant indeed exhibits an increase in GSH levels and suppression of Atg32, an oxidative stress-inducible protein required for mitophagy. To our surprise, we found that Atg8, a phospholipid-linkable ubiquitin-like protein essential for autophagosome formation, is atypically conjugated to PMME in cells lacking Opi3. Unlike the PE conjugate in wild-type cells, Atg8-PMME is not efficiently deconjugated by the cysteine protease Atg4, and therefore accumulated as a non-recyclable molecule in the late endosome-like structure, which attenuates formation of autophagosomes surrounding mitochondria. Collectively, our findings reveal that the proper control of Cho2 and Opi3 activities is crucial for mitophagy. We propose that phospholipid methylation plays a dual role in PC biosynthesis and mitochondrial degradation (Fig 7C) . In wildtype cells under respiratory (mitophagy-inducing) conditions, Cho2 expression is rapidly downregulated, thereby abrogating SAH and Hcy production. It is likely that GSH biosynthesis via the transsulfuration-GSH pathway is not strongly activated, while mitochondria are fully active in respiring cells, which thus leads to increased oxidative stress. Consequently, Atg32 is upregulated in order to promote mitophagy. In addition, wild-type cells mostly generate Atg8-PE, a recyclable lipid conjugate that functions properly in mitophagosome formation. In opi3-null cells under the same conditions, Cho2 repression is substantially retarded, presumably facilitating production of SAH, Hcy, and GSH, which could therefore suppress oxidative stress and Atg32 induction. Concomitantly, cells lacking Opi3 accumulate PMME that is abnormally linked to Atg8. The atypical lipid conjugate Atg8-PMME, which accumulates to the late endosome-like structure, is a poor substrate for Atg4, resulting in strong impairment of Atg8 recycling and mitophagosome formation. Accordingly, mitophagy is severely blocked in the opi3-null mutant.
It is interesting to note that, in spite of PMME accumulation under fermentable (Dex) and starved (-N) conditions (Fig 2D and E) , loss of Opi3 only slightly affects the Cvt pathway, pexophagy, and bulk autophagy (Fig EV1C-H) . We consider it likely that Atg8 is not drastically conjugated to PMME and that Atg8-PE is still predominantly generated to mediate the Cvt pathway in the fermenting opi3-null mutant. We speculate that Atg8 is conjugated to both PE and PMME in starving cells lacking Opi3 and that Atg8-PE can promote pexophagy and bulk autophagy even in the presence of Atg8-PMME. How Atg8 becomes highly susceptible to its PMME-linked state under non-fermentable (mitophagy-inducing) conditions remains obscure. It is possible that PMME could somehow be efficiently loaded to the Atg8 lipidation system (Atg7, Atg3, Atg8, and the Atg12-Atg5 conjugate) during respiratory growth. Alternatively, PMME could become a conjugation-prone substrate for the Atg8 lipidation system in respiring cells. In addition, we do not exclude the possibility that Atg4-dependent delipidation of Atg8-PMME might effectively occur under fermentable conditions. Further investigations are needed to clarify this issue.
Is Atg8-PMME capable of mediating autophagosome formation? Our GFP-Atg8 processing assays revealed that opi3-null cells exhibited a 3-fold reduction in autophagy flux compared with wild-type cells (Fig EV3C and D) . Assuming that Atg8-PE is produced with a decreased level but functional for autophagy-related processes in respiring cells lacking Opi3, it seems probable that PMMEconjugated Atg8 is not competent for generation of isolation membranes, thereby being excluded from autophagy flux. Consistent with this idea, transport of Ape1 (Cvt cargo) and autophagic bodies to the vacuole is partially impaired in the absence of Opi3 under mitophagy-inducing conditions (Fig EV1A, and data not ◀ Figure 5 . Atg8 is conjugated to PMME but cannot be efficiently delipidated.
A A schematic diagram of Atg8 conjugation and deconjugation reactions in vitro. Atg8
G116
, an activated variant lacking the C-terminal arginine, was incubated with liposomes containing PE or PMME in the presence of Atg7 (E1), Atg3 (E2), Atg12-Atg5 (E3-like conjugate), and ATP. The Atg4 cysteine protease was then added to the reactions for Atg8 delipidation. B Atg8 lipidation reaction was performed for 60 min as in (A). The reactions were further incubated with Atg4 or mock-treated for the indicated time periods. Samples were then analyzed by urea-SDS-PAGE and Coomassie Brilliant Blue (CBB) staining. C Membrane-enriched fractions were isolated from opi3D cells expressing His-FLAG-Atg8, solubilized, and subjected to tandem affinity chromatography. Proteins were then eluted with SDS-sample buffer and analyzed by SDS-PAGE and SyproRuby staining (a), or urea-SDS-PAGE and Western blotting (b). Bovine serum albumin (BSA) was used as a standard. D Negative-ion MALDI-MS spectrum of the C-terminal peptide of His-FLAG-Atg8 expressed in cells lacking Opi3. His-FLAG-Atg8 was purified as in (C), and the C-terminal fragments were generated by saponification and protease treatment. The GPMME-modified peptide, observed at m/z 1878.3, was further subjected to MS/MS (see Fig EV4A) . E In vitro Atg4 processing assays. Membrane-enriched fractions were isolated from atg4D or atg4D opi3D cells expressing His-FLAG-Atg8 G116 and treated with Atg4 for the indicated time periods in the presence or absence of N-ethylmaleimide (NEM), a cysteine protease inhibitor. Samples were then purified and analyzed as in (C). F Wild-type or atg4D cells expressing His-FLAG-ATG8
, and wild-type or opi3D cells expressing His-FLAG-ATG8 G116 with the ATG4 gene under the GAL promoter were grown in glycerol medium (Gly) for 24 h, supplemented with galactose (Gal), and subjected to Western blotting. The amounts of lipidated Atg8 detected in wild-type or opi3D cells containing the GAL-driven ATG4 gene were quantified at the 24-and 48-h time points. The signal intensity values of lipidated Atg8 in wild-type and opi3D cells at the 24 h time point were set to 100%. Pgk1 was monitored as a loading control.
shown). The reason for the incompetency of Atg8-PMME is not entirely clear. Notably, Atg8 (likely PMME-conjugated) forms aggregates in opi3-null cells (Fig 4E) , whereas it (PE-conjugated) seems to be distributed throughout various organelles including the vacuole, endosome, and ER in atg4-null cells (Nair et al, 2012; . Thus, it is conceivable that the selfassembly potency of Atg8-PMME might be aberrantly higher than that of the PE-conjugated form and/or that Atg8-PMME might somehow be preferentially sorted to the late endosome-like structures, ultimately preventing Atg8 from transport to the PAS for autophagosome biogenesis. Although bulk autophagy and the Cvt pathway under starved and fermentable conditions, respectively, are partially impaired in atg4-null cells expressing Atg8 G116 (defective in Atg8 recycling) (Nair et al, 2012; Yu et al, 2012) , mitophagy under non-fermentable conditions hardly occur in the same cells (Fig 6A and B) . The Atg32 expression profile is wild-type-like in this Atg8 delipidation mutant, indicating that the mitophagy machinery is not significantly altered (Fig 6C) . How does Atg8 recycling deficiency predominantly affect degradation of mitochondria? Recent studies in yeast suggest that autophagosomes are formed at ER exit sites and the ER-Golgi intermediate compartment (Graef et al, 2013; Suzuki et al, 2013) , whereas mitophagosomes are formed at the ER-mitochondria contacts associated with the mitochondrial constriction and division sites through the interaction between Atg11 and Dnm1, a dynamin-related GTPase required for mitochondrial fission (Mao et al, 2013; Bockler & Westermann, 2014) , raising the possibility that Atg8 targets to those formation sites in distinct ways. In addition, we have previously shown that defects in the interaction between Atg32 and free Atg8 cause partial impairment of mitophagy (Kondo-Okamoto et al, 2012) . Accordingly, the Atg8 delipidation mutant lacks a cytosolic pool of Atg8 that may be crucial for its Atg32-mediated mitochondrial targeting and subsequent mitophagosome formation. Intriguingly, a set of transcription factors seems to coordinate regulation of phospholipid methylation and mitophagy. The DNA binding protein Ume6 and the Sin3-Rpd3 histone deacetylase (HDAC) have been implicated as positive and negative regulators, respectively, of CHO2 expression (Jackson & Lopes, 1996; Elkhaimi et al, 2000; Chen et al, 2007) . In addition, a recent study suggests that Ume6, Sin3, and Rpd3 form a heterotrimer to suppress ATG32 expression (Aihara et al, 2014) . Thus, one scenario could be that Ume6 dissociates from the CHO2 and ATG32 promoter regions to decrease the Cho2 protein levels and increase the Atg32 protein Figure 6 . Mitophagy is strongly impaired in Atg8 deconjugation-deficient cells.
A Wild-type or opi3D cells expressing full-length Atg8, and atg4D or atg4D opi3D cells expressing Atg8 G116 were generated from a strain for mitophagy assays, cultured, and analyzed as in Fig 1B. Generation of free mCherry (depicted by arrow) from mito-DHFR-mCherry (depicted by arrowhead) indicated transport of mitochondria to the vacuole. Pgk1 was monitored as a loading control. B The amounts of free mCherry detected in (A) were quantified at the indicated time points as in Fig 1C. The signal intensity value of free mCherry in wild-type cells at 72 h was set to 100%. Data represent the averages of three experiments, with error bars indicating standard deviations. C Atg32 is normally induced in the Atg8 delipidation mutant. Wild-type or opi3D cells expressing Atg8, and atg4D or atg4D opi3D cells expressing Atg8 G116 were generated from a strain for mitophagy assays, grown in glycerol medium (Gly), harvested at the indicated time points, and subjected to Western blotting. Pgk1 was monitored as a loading control.
The The EMBO Journal Regulation of mitophagy via PE-to-PC biosynthesis Kaori Sakakibara et al levels, respectively, in cells under mitophagy-inducing conditions. Cho2 repression could then contribute to a decrease in GSH levels and subsequent Atg32 induction (Figs 2A and F, and 3A) . Whether the Sin3-Rpd3 HDAC complex interacts with a yet unidentified DNA binding protein to decrease the Cho2 protein levels under the same conditions remains obscure.
As two ubiquitin-like conjugation systems essential for autophagy are well conserved among eukaryotes, it is conceivable that PMME could also be an unwanted target for lipidation of their Atg8 homologs. Indeed, GATE-16-PMME can be formed but inefficiently deconjugated by Atg4 in vitro (Fig EV4D) , raising the possibility that autophagosome formation might be compromised by PMME conjugation of this Atg8 homolog in mammals. Interestingly, phospholipid methyltransferases are dispersively present throughout various eukaryotic organisms (Lykidis, 2007) . For example, Cho2 and Opi3 homologs have not been found in fruit flies, nematodes, and plants. The Kennedy pathway using choline and phosphoethanolamine probably plays a primary role in their PC biosynthesis without generating PMME. We therefore assume that there may have been an evolutionary advantage to rely on the Kennedy pathway, thereby circumventing the risk of Atg8-PMME formation. In mammals, PE N-methyltransferase (PEMT), an Opi3-type enzyme, is mainly expressed in liver and catalyzes all three methylation steps to produce PC (Vance, 2014) . Whether malfunction of PEMT causes PMME accumulation that ultimately leads to autophagy deficiency and liver disease awaits future studies. In conclusion, our findings provide insight into how phospholipid methylation is linked to mitophagy induction, and imply that the appropriate control of PE-to-PC conversion is critical for autophagosome formation. A Wild-type and opi3D cells expressing mito-DHFR-mCherry and a chromosomally encoded Atg32-HA were transformed with two Atg32-HA-expressing plasmids or empty vectors, cultured in the presence or absence of choline, and analyzed as in Fig 1B. Generation of free mCherry (depicted by arrow) from mito-DHFR-mCherry (depicted by arrowhead) indicated transport of mitochondria to the vacuole. Pgk1 was monitored as a loading control. B The amounts of free mCherry detected in (A) were quantified at the 72-h time point as in Fig 1C. The signal intensity value of free mCherry in wild-type cells containing two empty vectors without choline treatment was set to 100%. Data represent the averages of three experiments, with error bars indicating standard deviations. C A model for mitophagy regulation through the phospholipid methylation pathway in wild-type and opi3-null cells. PE, phosphatidylethanolamine; PC, phosphatidylcholine; PMME, phosphatidylmonomethylethanolamine; PDME, phosphatidyldimethylethanolamine; GSH, reduced glutathione (see text for details).
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Materials and Methods
Strains and growth conditions
Yeast strains and plasmids used in this study are described in Tables  EV1 and EV2 . Standard genetic and molecular biology methods were used for yeast and bacterial strains. Yeast cultures were prepared as described elsewhere (Okamoto et al, 2009 Fluorescence microscopy Cells were observed as described elsewhere (Eiyama et al, 2013) using an inverted microscope (Axio Observer; Carl Zeiss) equipped with differential interference contrast optics, epifluorescence capabilities, a 100× objective lens (aPlan-APOCHROMAT 100x, Na: 1.46; Carl Zeiss), a monochrome CCD camera (AxioCam MRm; Carl Zeiss), and filter sets for GFP and mCherry (13 and 20, respectively; Carl Zeiss). Images were captured using image acquisition and analysis software (Axio Vision 4.6; Carl Zeiss).
Glutathione measurement assay
Glutathione was quantified by GSSG/GSH Quantification kit (Dojindo Molecular Technologies), according to the manufacturer's protocol. Briefly, 15 OD 600 units of cells were harvested, resuspended in 5% sulfosalicylic acid, and vortexed (4 × 1 min) with glass beads, incubated on ice for 15 min, and then centrifuged for 10 min at 17,900 × g. The supernatant was diluted fivefold with water and then subjected to glutathione measurement assay.
Immunoblotting
Samples corresponding to 0.1 OD 600 units of cells were separated by SDS-PAGE followed by Western blotting and immunodecoration with following antibodies: Pgk1 and Por1 (Invitrogen); GFP (Roche Diagnostics GmbH); HA (16B12) (Covance); RFP, Cho1, Cho2, and Opi3 gifted from Drs. Toshiya Endo (Kyoto Sangyo University, Japan) and Yasushi Tamura (Yamagata University, Japan); Ape1 and Atg8 from Dr. Hitoshi Nakatogawa (Tokyo Institute of Technology, Japan); and Atg32 (4A11A6). After treatment with enhanced chemiluminescence reagents, proteins were detected using a luminescent image analyzer (LAS-4000 mini; GE Healthcare). 
RNA preparation and quantitative RT-PCR
Phospholipid composition assay
Cells were grown at 30°C in media containing [ 32 P]P i (10 lCi ml À1 ) (MP Biomedicals), and total cellular lipids were analyzed as described elsewhere (Kuroda et al, 2011; Tani & Kuge, 2012) . The radiolabeled cells were collected by centrifugation, washed with distilled water, and then suspended in 150 ll of 80% ethanol. After heating at 95°C for 30 min, 800 ll of chloroform/ methanol (1:1, v/v) and subsequently 330 ll of PBS were added to the sample. The sample was mixed well and then centrifuged at 10,000 × g for 1 min. The lower phase was collected, dried, and applied to a LK5 silica gel 150 A TLC plate (Whatman), which had been pre-washed in chloroform/methanol (1:1, v/v) and treated with 2% boric acid in ethanol. The TLC plate was developed two times with chloroform/ethanol/water/triethylamine (30:35:7:35, v/v) and then analyzed with a Bio Imaging analyzer FLA-2000 (Fuji Photo Film).
Density gradient centrifugation analysis
Yeast cells grown to mid-log phase in SDCA medium were incubated at 30°C in SDGlyCA medium for 48 h. Cells were harvested and were washed with 5 ml wash buffer A (0. ). Then, spheroplasts were lysed by passage through a 3-lm pore-sized polycarbonate membrane (Millipore). After centrifugation at 500 × g for 10 min, 900 ll of yeast cell lysates was layered on 10 ml of a 15-60% (vol/vol) OptiPrep (Axis-Shield) linear gradient prepared using density gradient buffer (20 mM HEPES-KOH [pH 7.2], 0.2 M sorbitol, 5 mM EDTA, 1× protease inhibitor cocktail for mammal [Sigma] , and 10 mM N-ethylmaleimide [NEM] ) and centrifugated at 150,000 × g for 16 h at 4°C. The samples were divided into 16 fractions from the top of the gradients and analyzed by SDS-PAGE and immunoblotting.
In vitro Atg8-lipidation and -delipidation assay
Recombinant protein expression/purification, liposome preparation, and in vitro conjugation of Atg8 to PE or PMME were performed according to methods described elsewhere (Ichimura et al, 2004; Hanada et al, 2007; Nakatogawa et al, 2007) . Briefly, yeast Atg8 (5 lM), Atg7 (E1, 1 lM), Atg3 (E2, 1 lM), and Atg12-Atg5 (E3-like conjugate, 0.2 lM) proteins were purified from E. coli and incubated with liposomes (350 lM lipids, Avanti Polar Lipids) composed of 55 mol% dioleoylphosphatidylethanolamine (DOPE) or dioleoylphosphatidylmonomethylethanolamine (DOPMME), 35 mol% 1-palmitoyl-2-oleoylphosphatidylcholine (POPC), and 10 mol% phosphatidylinositol (PI) from yeast in the presence of 1 mM ATP at 30°C for 60 min. The reactions were further treated with or without purified Atg4 (0.6 lM) at 30°C for 10 min and analyzed by urea-SDS-PAGE and CBB staining.
Protein purification and in vitro Atg4 processing assay 2,000 OD 600 units of cells gown in SDGlyCA for 24 h were subjected to protein purification. Membrane-enriched fractions treated with protease inhibitor cocktail and 20 mM N-ethylmaleimide (NEM) were resuspended in lysis buffer (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 0.1 mM EDTA, 1.6% Triton X-100) containing 1 mM phenylmethylsulfonyl fluoride (PMSF) at 4°C for 30 min and subjected to centrifugation (15,000 × g) at 4°C for 15 min. The supernatant was incubated with Ni-NTA agarose (Nacalai Tesuque) at 4°C for 1 h with gentle agitation. The beads were washed once with wash buffer (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 0.1 mM EDTA, 0.4% Triton X-100) containing protease inhibitor cocktail and then eluted with elution buffer (50 mM Tris-HCl, 100 mM NaCl, 0.1 mM EDTA, 250 mM Imidazole). Collected fractions were incubated with anti-FLAG M2 affinity gel (Sigma) at 4°C for 1 h with gentle agitation. The beads were washed twice with TBS buffer, and immunoprecipitates were extracted by SDS-sample buffer. For in vivo processing assay, 20 OD 600 units of membrane-enriched fractions were prepared without protease inhibitor cocktail and NEM, and subjected to processing assay with 0.15 lM recombinant Atg4 with or without NEM. After incubation, the samples were lysed with 2× lysis buffer, and proteins were purified by the same procedures as described above.
Preparation of C-terminal fragments of Atg8
Polyacrylamide gel slices containing Atg8-PE, Atg8-PME, or His-FLAG-Atg8 were dried and treated with 0.06 M NaOH in 30% CH 3 OH at 40°C for 4 h to saponify ester bonds between glycerol and fatty acids of phospholipids. Thereafter, each protein band was subjected to in-gel digestion with lysylendopeptidase (2 pmol) in 50 mM Tris-HCl (pH 8.0), which was prepared with 40 atom % H 2 18 O, at 37°C for 12 h. The resulting peptides were extracted with 0.1% trifluoroacetic acid (TFA) in 50% acetonitorile from the gel and desalted with NuTip apillary C18 (Glygen) prior to mass measurements.
Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry
To analyze the lipid modification of Atg8, the lysylendopeptidase digest was applied onto a flat surface of a stainless steel plate (a MALDI sample plate). Thereafter, the matrix solution (5 mg/ml of a-CHCA) was blotted. The MS and MS/MS measurements were carried out in a negative-ion mode using a MALDI-TOF/TOF (4700 proteomics analyzer, Applied Biosystems). Ions were generated by irradiating the sample area with a 200 Hz Nd:YAG laser operated at 355 nm. Calibration was performed using MH À ions of a mixture of angiotensin I (m/z 1294.6), dynorphin (m/z 1602.0), ACTH (1-24) (m/z 2930.6), and b-endorphin (m/z 3461.8). For MS/MS, the precursor ions were accelerated at 8 kV in MS1 and fragmented in a collision cell using air as the collision gas. The resultant fragment ions, re-accelerated at 15 kV, were analyzed in MS2 equipped with a reflectron.
Further details are provided in Appendix Supplementary Methods.
Expanded View for this article is available online:
http://emboj.embopress.org
